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Abstract. The presence of electron energy loss (EELS) peak is proposed theoretically
in molybdenum disulfide (MoS2) nanosheets. Using density functional theory
simulations and calculations, one EELS peak is identified in the visible energy range,
for MoS2 nanosheets with molybdenum vacancy. Experimentally, four different laser
sources are used for the Raman scattering study of MoS2 nanosheets, which show two
distinct Raman peaks, one at 385 cm−1 (E12g) and the other at 408 cm
−1 (A1g). In
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the cases of three laser sources with wavelengths 405 nm (3.06 eV), 632 nm (1.96 eV)
and 785 nm (1.58 eV), respectively, the intensity of E12g Raman peak is more than
the A1g Raman peak, while in the case of excitation source of 532 nm (2.33 eV), the
intensity profile is reversed and A1g peak is the most intense. Thus a resonance Raman
scattering phenomenon is observed for 532 nm laser source.
PACS numbers: 62.23.Kn, 78.67.-n
Keywords: MoS2, Density functional theory, electron energy loss, Raman scattering
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1. Introduction
The discovery of graphene in 2004 provided a novel way of studying two dimensional
layered structure materials [1, 2, 3, 4, 5, 6, 7]. In the recent few years, it has been possible
to synthesize different kind of two dimensional nanomaterials of metal chalcogenides,
in which d-electrons’ interactions can give rise to new physical phenomena. Among
these materials, the transition-metal dichalcogenide semiconductor MoS2 has attracted
special attention, as it exhibits intriguing properties [8, 9, 10, 11, 12, 13]. Bulk MoS2 is
composed of covalently bonded S-Mo-S sheets that are bound by weak van der Waals
forces and is an indirect band gap semiconductor with band gap of the order of 1.2 eV.
However, a single layer of MoS2 is a direct band gap semiconductor with a band gap of
1.9 eV [14, 15]. This band gap lies in the visible range and the work function of MoS2 is
compatible with the commonly used electrode materials. Moreover, the single layer of
MoS2 is fluorescent in nature with having quantum yield of the order of 10
4 more than
the bulk MoS2 [16]. Thus MoS2 has potential applications in electronic, optoelectronic
and photonic devices [16, 2, 17]. For example, the field effect transistors based on MoS2
show high on/off switching ratio, [15] which is of the order of 108.
There are numerous studies on the intriguing properties and broad applications
of MoS2 nanosheets; only recently, a study by Bruno et al. reported the resonance
Raman scattering in MoS2 nanosheets [18]. Conventionally, the EELS spectroscopy can
be used to find out the band gap in semiconducting materials. It has been studied
that the doping in semiconductors causes tuning in the band gap of these materials.
In this work, we have studied the effect of different kinds of vacancies (Mo, S) in the
EELS spectra of MoS2 nanosheets, and attempt has been made to correlated theoretical
results of EELS with the Raman spectroscopic study. For the first time we have tried to
correlate the theoretical results of EELS to the Raman spectroscopic results. It is found
that molybdenum vacancy in MoS2 nanosheets shows a EELS peak around 2.4 eV and
Raman spectroscopic study shows enhancement of A1g peak at 532 nm laser excitation
source, thus a resonance Raman scattering phenomenon is observed at 2.3 eV excitation
source.
2. Methods
2.1. Computational methods
For the theoretical modeling and density functional theory (DFT) calculations, we have
used the Vienna Ab Initio Simulation (VASP) code, [19, 20, 21, 22] along with the MedeA
software package. Before the evaluation of frequency dependent dielectric properties,
all the structures were geometrically relaxed until the unbalanced force components
converge below 0.02 eV/A˚. Simulations were performed under the generalized gradient
approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) exchange and correlation
[23, 24]. A mesh cutoff energy of 400 eV, has been set in the expansion of plane wave
basis sets and the electronic ground state convergence criteria has been set by 10−5 eV for
Resonance Raman scattering and electron energy loss spectra of MoS2 4
all the systems. The Brillouin zone (BZ) has been sampled by 7×7×1 Monkhorst-Pack
(MP) grid point [25]. Electron energy loss spectra (EELS) of pristine MoS2 system,
MoS2 system with sulfur vacancy and MoS2 system with molybdenum vacancy have
been explored in the framework of density functional theory (DFT).
2.2. Experimental methods
The proposed theoretical model is supported by Raman spectroscopic study of MoS2
sheets. The MoS2 nanosheets were prepared by chemical exfoliation method [26]. For
this purpose, 1 g of bulk MoS2 powder was mixed with 1 mL of N-Methyl-2-pyrolidone
(NMP) and the mixture was ground for 30 min in mortar pestle. The paste like mixture
was put in vacuum oven at room temperature over night. The mixure was redispersed
into 20 mL of NMP solvent and ultra-sonicated for 10 h using 25 W ultrasonication
bath. After ultrasonication, the mixture was centrifuged to separate out the MoS2
nanosheets. The supernatant was collected from the solution which contained MoS2
nanosheets. Such obtained dispersion of MoS2 sheets were drop cast on silicon substrate
and annealed above 220 0C for Raman and scanning electron microscopic (SEM) studies.
For transmission electron microscopic (TEM) analysis the solution was put on carbon
coated copper grid and dried at room temperature.
3. Results and discussion
3.1. DFT calculation
In DFT calculations, first the frequency dependent dielectric function ((ω)) of a system
has been computed; then electron energy loss specttra (EELS) of this system has been
evaluated using the relation: L(ω) = Im(−1/(ω)). From EELS (see figure 1) it is
identified that the spectrum shows asymmetrical nature in between two polarization
states of electromagnetic (EM) wave; which is the manifestation of layered structure of
MoS2. The results for the electronic energy loss spectra for MoS2 nanosheets are shown
in figure 1.
Pristine MoS2 system does not exhibit any significant loss peak in the visible range
below 3.0 eV optical frequency. Besides, defect induced systems such as MoS2 with sulfur
vacancy as well as MoS2 with molybdenum vacancy both demonstrate the existence of
low energy loss peak in the visible part. Atomic vacancy induces localization of electron
density near the vacancy site that actually gives rise to new plasmon excitations in
the visible range as observed from EELS. One of the interesting features observed from
EELS is that the emergence of new loss peaks in the infrared to visible part at 0.4 eV and
2.48 eV optical frequency for perpendicular polarization (E⊥) in case of molybdenum
vacancy system (see figure 1 (c)). Besides, there exists no signature of such loss peaks
in case of E⊥ polarization in both pristine and sulfur vacancy system.
Since MoS2 nanosheet is a two dimensional material with a layered structure, the
in-plane (X-Y plane) symmetries are different from the out of plane (perpendicular
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Figure 1. Electron energy loss spectra of (a) pristine MoS2 nanosheets, (b) MoS2
nanosheets with sulfur vacancy (VS) and (c) MoS2 nanosheets with molybdenum
vacancy (VMo). The black line denotes perpendicular polarization and the red line
denotes parallel polarization.
Figure 2. Electron energy loss spectra of MoS2 nanosheets with varying
concentrations of molybdenum vacancy (VMo). The black line denotes parallel
polarization for pristine MoS2. A single molybdenum vacancy (1VMo) is depicted
by the magenta line; 2VMo by red, 3VMo by blue, and 4VMo by green, respectively.
direction) symmetries. Thus, the associated chemical bonding and electron distribution
is different along the perpendicular direction compared to the in-plane direction, which
results in formation of two different excitation modes in the in-plane direction and
perpendicular plane direction of the MoS2 nanosheet. In general, they occur at different
excitation energies also. The presence of VMo in the structure gives rise to electron
localization at the vacancy site, on the MoS2 layer. These localized electrons result in
a distinct, out-of-plane excitation peak (or EELS peak) at ∼2.5 eV energy. Note that
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Figure 3. TEM images of (a) MoS2 nanosheets, with inset showing SAED pattern
(scale equals to 100 nm); (b) lattice spacing in MoS2 nanosheet (scale equals 1 nm).
no excitation peak exists at the similar energy in case of in-plane plasma oscillation. To
confirm the existence of the EELS peak at ∼2.5 eV energy, DFT calculations were
performed for several systems having various molybdenum vacancies VMo or defect
concentrations. Interestingly, it is noted that the increase of vacancy concentration
enhances the EELS peak height (see figure 2). Moreover, a little blue shift of the peak
position is observed with increasing defect concentration, although the shift does not
affect the final results and conclusions of this present observation.
3.2. TEM analysis
Presence of sheets like structure in MoS2 was confirmed by transmission electron
microscope image analysis. The TEM images were obtained by a transmission electron
microscope (model JEOL-2100F, Japan), operating at 200 kV. The TEM image of MoS2
nanosheets is shown in figure 3.
The inset of figure 3(a) shows the selective area electron diffraction (SAED) pattern
from MoS2 nanosheet. Figure 3(b) shows the lattice spacing in MoS2 nanosheet. The
lattice spacing between adjacent planes is of the order of 2.7 A˚ which corresponds to
(100) plane.
3.3. SEM analysis
The SEM image of MoS2 nanosheets was recorded by scanning electron microscope
(Zeiss EVO40). The sheets like structure of MoS2 was observed in the scanning electron
microscopy. The SEM image of MoS2 nanosheets is shown in figure 4. The size of these
nanosheets are of order of 10 µm.
3.4. Raman spectroscopic study
The Raman spectra of MoS2 were collected by Renishaw inVia confocal Raman
spectrometer using four different excitation laser sources 405 nm, 532 nm, 632 nm and
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Figure 4. SEM image of MoS2 nanosheets.
Figure 5. Raman spectra of MoS2 nanosheets for different laser excitation sources:
405 nm (3.06 eV), 532 nm (2.33 eV), 632 nm (1.96 eV) and 785 nm (1.58 eV). The
Raman spectrum of bare silicon (aged) is plotted in grey.
785 nm. For 405 nm and 532 nm lasers the associated grating is 2400 lines per mm
while for 632 nm and 785 nm lasers it is 1200 lines per mm. The Raman spectra were
collected by using 50X objective lens having numerical aperture 0.25.
Figure 5 shows the Raman spectra of MoS2 nanosheets. The spectra consist two
Raman peaks one at 385 cm−1 and other at 408 cm−1. The Raman peak at 385 cm−1 is
known as E12g peak and other at 408 cm
−1 is A1g peak, these peaks originate due to in
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Figure 6. Effect of laser (532 nm) power on the full width half maximum (FWHM)
of E12g and A1g peaks of MoS2 nanosheets.
plane and out of plane vibrations of S-Mo-S bonds. The effect of excitation source on
the Raman peaks of MoS2 nanosheets has been analyzed. For all three wavelengths of
laser sources, 405 nm (3.06 eV), 632 nm (1.96 eV) and 785 nm (1.58 eV) the intensity
of E12g peak is greater than the intensity of A1g peak while in case of 532 nm (2.33 eV)
excitation source the intensity of A1g is more than that of the E
1
2g peak. Our theoretical
analysis shows that an EELS peak is observed around 2.48 eV. Hence the enhancement
of the Raman peak is due to the resonance occurring at 532 nm.
In order to verify whether the intensity enhancement of A1g Raman peak under 532
nm laser excitation, comes from the Si/SiO2 substrate, we tested the Raman response
in the bare area of the sample (without the MoS2) to see Si/SiO2 substrate. Here,
we have used aged Si, since it may have more native SiO2. As evident from figure
5, there is no conflict of SiO2 Raman peaks within the region of MoS2 peaks and the
intensity enhancement of the A1g peak (identified at 2.48 eV in the visible range for
MoS2 nanosheet with molybdenum vacancy) comes from a resonance Raman scattering,
and certainly not from the Si/SiO2 substrate.
The effect of laser power on the full width half maximum (FWHM) of both the
peaks have been studied using 532 nm laser source (figure 6). With increase in the
power of laser the FWHM value of E12g and A1g peaks increases and attains a saturation
level.
4. Conclusions
In summary, we have demonstrated the presence of EELS peak in molybdenum disulfide
(MoS2) nanosheets in the visible energy range. Theoretically, using DFT simulations
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and calculations, an EELS peak was identified at 2.48 eV (visible range), for MoS2
nanosheets with molybdenum vacancy; for pristine MoS2 and MoS2 with sulfur va-
cancy, the EELS did not show any resonance peaks for parallel polarization. This was
then confirmed experimentally, using four different laser sources for the Raman scatter-
ing study of MoS2 nanosheets. In the cases of three laser sources with wavelengths 405
nm (3.06 eV), 632 nm (1.96 eV) and 785 nm (1.58 eV), respectively, the intensity of
E12g Raman peak was more than the A1g Raman peak, while in the case of excitation
source of 532 nm (2.33 eV), the intensity profile was reversed and A1g peak was the most
intense. Such a resonance phenomena may trigger some new features such as generation
of localized energy states. The presented 2D nanosheets have a great potential for fu-
ture optical systems, especially in nanophotonic devices operating at visible wavelengths.
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